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SOLID STATE RESEARCH OF THE APPLIED PHYSICS DEPARTMENT

FOR THE YEAR 1965

INTRODUCTION

The research programs in the Applied Physics Department during
1965 cover a number of subjects, ranging from basic research in
magnetism and semiconductors to applied research in infrared and
metallurgy. We have also contributed directly to the defense
effort in Vietnam by conceiving, designing and developing a
prototype of an ordnance locator which will be used for search-
ing junks and other vessels in the waters around Vietnam for
contraband weapons. Contracts have been let for the production
of this device. Ordinarily, we in research, do not pursue
device development this far, but in this instance the urgency

of the problem required that it be carried through as quickly as
possible. The fact that this was all done within a year indicates
a certain degree of flexibility in the capability of our per-
sonnel.

Semiconductor research continues to be concentrated on small band
gap materials which are of interest as infrared detectors,
sources, or filters. More recently we have extended this work

to still smaller energy gap materials that border on metallic
behavior. One of these materials, SnTe, was thought for a

number of years to be a semimetal. As a result of the tech-
niques we have developed for making thin single crystal films by
epitaxial vacuum evaporation, we were able to measure the optical
absorption edge in SnTe and to establish that it is a semi-
conductor rather than a semimetal.

Epitaxial film techniques are particularly useful in studying
alloy compositions. We have been able to prepare alloys of the
semiconductor PbTeySej;_, over the entire range of x which per-
mits study of the tran51tlon in band structure as a function of
composition.

Our continued interest in surface effects in metals and semi-
conductors has resulted in a comprehensive theory for the trans-
port properties in the surface region. This theory makes it
possible to understand some of the complex behavior observed in
semiconductors and metal due to interactions of the charge
carrier with the surface layer. These effects become of increas-
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ing importance as technology leads to greater use of thin film
semiconductors or metal in microminiaturization of electronic
circuits.

Research in metallurgy includes studies of the crystal structure
of the family of alloys TiFe, TiCo and TiNi. A unique
martensitic transition was found in all these metals. We also
found that the intermetallic alloy Ti,FeCo is superconducting

at about 3.2 K. We are attempting to understand the unusual mag-
netic behavior of these metal alloys by means of this analysis.

We have now developed a general theory of magnetostriction, forced
magnetostriction, and anomalous thermal expansion of ferro-
magnets of arbitrary symmetry. The theory has so far been
successfully applied to Dy, Gd, and EuS.

An experimental study of anisotropy in the rare earth metals is
being made in magnetic fields up to 140 koe. The results found
so far on one of the rare earths, Tb, indicates a significantly
larger anisotropy than is predicted theoretically from sus-
ceptibility data.

The antiferromagnetic structures of MnP, EuTiO; and Rb Mn Cl,
have been established through neutron diffraction studies.
Polarized neutrons are being used to increase the sensitivity of
the measurements.

We are investigating the optical transmission of water in the
vicinity of the green wavelength where water has its highest
transmission. Ultimately we shall try to obtain experimental
data on ocean water transmission down to very great depths.

High intensity laser radiation impinging on water was found to
produce a shock wave suggesting interesting possibilities of air
to underwater communication.

Electron irradiation treatments of low coercive force Ni-Fe
alloys have resulted in extreme rectangularity in magnetic
hysteresis loops. Such material properties are greatly desired
in various nonlinear magnetic devices.

During the past year our publication rate continues to be high.

A total of 35 articles were published in scientific and technical
journals, 45 talks were given at technical society meetings,
seminars or special meetings, and 8 patents were applied for

or granted.
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SEMICONDUCTORS

Scattering of Conduction Electrons

By lLocalized Surface Charges R. F. Greene

Several possible scattering mechanisms have been mentioned1

in the literature but before this time none had been treated

in any quantitative fashion. The scattering that arises from

a random array of charged centers on a crystal surface has

been analyzed. Using the Born approximation to the Schrodinger
equation, the differential scattering amplitudes have been
calculated. Using a formalism just derived 2, the energy and
angle dependence of the Fuchs reflectivity p and kinetic
specularity W, were evaluated.

This problem differs from charged impurity scattering in the
bulk because of two important surface effects, the "aspect
effect" and the "termination effect". The latter is a
partial suppression of the scattering matrix element which
occurs for electrons with k-vectors at near grazing angles.
For these electrons the termination of the wave function at
the surface cuts down the ovarlap of the wave function with
the scattering potential. The "aspect effect" is a simpler
matter, consisting of the increase in the number of surface
scatterers intercepted by an incident deBroglie wavefront of
unit diameter as it is turned toward grazing incidence. This
calculation, which is valid for semiconductors, semimetals,
and metals with appropriate choice of physical parameters,
gives a Fuchs reflectivity which is strongly angle dependent,
and which is drastically different in riagnitude from the kinetic
specularity W,. It also provides no scattering at all at
glancing angles, and hence, as seea above, a surface mobility
with no cusp.

1

Greene, R. F., Surface Science 2, 101 (1964)
2

Greene, R. F., Phys. Rev, 140 (1955)
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enande Surface R. F. Greene
Scattering and Mobility J. N. Zemel

Prior theoriesls 2 of the surface mobility of semiconductors
predicted the existence of a cusp in the surface mobility as a
function of the surface potential excess (band-bending), pro-
vided that the surface is strongly scattering and that the
mean free path is longer than_the screening length. Recent
experimental c=tudies by Davis3 and Frankl-Carmean?) show,
however ., that the cusp is absent on some surfaces and present
on others, so tha:t something was lacking in the theory.

This problem was resolved® by introducing the possibility of an
angalar dependence in the surface scattering. It was shown
hat a surface mobility cusp should occur if and only if
electrons incident at near grazing angles are strongly
scattered. It was pointed out that an experimental study of
the occurrence or nonoccurrence of surface mobility cusp on a
given surface provides the first means of studying the details
of surface scattering mechanisms.

Boundary Conditions for Electron
Distribution R. F. Greene

The physics of the surface and its scattering processes goes
into transport theory largely through the boundary condition

on the distribution function which Fuchs® introduced in 1938,
and which has since then been universally used for metals, semi-
metals, and semiconductors. The single Fuchs reflectivity
parameter p, which has to represent the scattering properties

of the surface, has up to now been treated as an adjustable
paramster. Unanswered all this time have been the deeper
questions of the validity of the Fuchs b.c., and of how to tie
the Fuchs reflectivity to scattering events.

1
Greene, R. F., Frankl, D. R., and Zemel, J. N., Phys. Rev. 118,
967 (1960)

2Greene, R. F., Phys. Rev. 131, 592 (1963)
3Davis, J. L., Surface Science 2, 33 (1964)

4 . .
Frankl-Carmean, Private Communication

5Greene, R. F., Phys. Rev. 140 (1965)

6
K. Fuchs, Proc. Cam. Phys. Soc. 34, 100 (1938)
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These questions have been answered1 by setting up a fundamental
theory of the boundary condition for electron distributions at
crystal surfaces, based on the simplest basic properties of
electron wave functions at surfaces, and of conservation of
electron fluxes. A new boundary condition has been derived
which reduces to the Fuchs form under definite circumstances,
but which takes a different form when a magnetic field or strong
band bending is present. A formula for the Fuchs reflectivity
P is given in terms of scattering amplitudes. It is shown that
p is physically and numerically distinct from the kinetic
specularity W, (= probability of no scattering at the surface).
This provides the general formalism with which any scattering
model may be used in transport calculations in semiconductors,
semimetals, and metals.

Band Structure of Tin Telluride Allgaier
Burke, Jr.

Houston, Jr.

R.
J.
B.

w o0

SnTe is a cubically symmetric material in which large deviations
from stoichiometry result in unusually high carrier concentra-
tions (p) for an exgrinsic material. Presently attainable values
of p lie in the range from about 5 x 10'°cm™® to 1.2 x 10°°cm 3.
At these concentrations, large deviations from spheroidal energy
surfaces in momentum space are expected. In addition more than
one band is likely to be populated. One of the best techniques
for deriving the band structure and determining the shape of the
Fermi surface, in such a complicated situation, is to study the
periods of the oscillations in the resistivity (Shubnikov-deHass
effect) that occur at high magnetic fields. These oscillations
are periodic in the reciprocal of the magnetic field intensity,
and the period of the oscillation is inversely proportional to

an extremal cross-sectional area of the Fermi surface perpendicu-
lar to the magnetic field.

Because of the high magnetic fields need:d for SnTe, measure-
ments have been made at the Naval Research Laboratory. A
rotating sample holder has been designed so that measurements as
a function of the crystallographic orientation of the magnetic
field can be made in a solenoid field. Oscillations have been
observed in all orientations and over the whole carrier concen-
tration range studied, i.e., 5 x 10*® cm® to 5 x 102° cm 2.

At P = 7.8 x 10*® cm™® for example, the results show that in all
orientations, several periods are simultaneously present. The
valence band therefore cannot be described by the <111> ellipsoid
of revolution model suggested by preliminary results. When
samples with p =z 2.5 x 102° cm ® were measured, a new, much
longer period oscillation appeared. This period was not present

1
Greene, R. F., Phys. Rev, 140 (1965)

5
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at p = 1.6 x 10®° cm™@. The Fermi level therefore enters a
second valence band at a carrier concentration between 1.6 and
2.5 x 10°° cem™®. Fig. 1 shows the new oscillation together with
an oscillation resulting from the carriers in the first band.

Fundamental Absorption Edge of E. G. Bylander
Tin Telluridel J. R. Dixon

H. R. Riedl

R. B. Schoolar

Recent studies of the electrical and thermal properties of p-
type tin telluride, SnTe, indicate that the material is a semi-
conductor. The similarity of its electrical properties to those
of the well-known semiconductor lead telluride, has been demon-
strated and adds additional weight to the belief that the materi-
al is a semiconductor. However, the possibility that SnTe is a
semimetal could not be definitely ruled out on the basis of prior
information. The existence of a fundamental optical absorption
edge is of considerable pertinence to this uncertainty in classi-
fication. This arises from the fact that such an edge is
associated with a forbidden energy gap between conduction and
valence bands. Such an energy gap is a necessary characteristic
of all semiconductors.

Optical measurements in the infrared region were carried out in
an effort to identify a fundamental absorption edge in SnTe.

The major difficulty of such measurements in the past has been
that extremely thin samples are required because of the large
optical absorption existing throughout the infrared region.

This absorption is at least partially due to the high concentra-
tion of free carriers which characterizes SnTe. This difficulty
was overcome by prevaring large-area, thin single-crystal films
of SnTe grown on cleaved potassium chloride. Using these films,
the sharp absorption edge shown in Fig. 1 has been observed in
the infrared region near 0.5 ev. This edge is believed to be
associated with the onset of direct transitions between a valence
and a conduction band. On the high energy side of the minimum
seen in Fig. 2, the absorption increases rapidly toward a plateau
region indicated by the results of Cardona and Greenaway. This
behavior is characteristic of a fundamental absorption edge.

The increase in absorption on the low energy side of the minimum
is believed to be associated nrimarily with free-carrier ab-
sorption. The results therefore lead us to believe that SnTe

is a semiconductor.

1
E. G. Bylander, J. R. Dixon, H. R. Riedl and R. B. Schoolar,
Phys. Rev. 138, a864 (1965)




NOLTR 66-139

L"€G1

3uS-d NI IONVISISTIOLIINOWW | "9OlId

(SSNYD01IN)
(9) ALISNILNI @1314 DILINOYW

é° vl 0421 AR 1746 ¢’ 28 [AA €29

T

Fr1Trr ~—r 1 1 © 1T " 1

[oot]H 8 MotV l=1
¢ WD /SIT1OH (701 X 6¥°2=d

(SLTOA) (gX - 9A)
(SLTOAQYDIW) JOVLITIOA ALIAILSISIY



ABSORPTION COEFFICIENT (cM 1)

NOLTR 66-139
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FIG. 2  OPTICAL ABSORPTION OF p-TYPE SnTe AT ROOM TEMPERATURE
FOR MATERIAL HAVING A CARRIER CONCENTRATION OF
1 X 1020 -3,
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, . . . R. S. Allgaier
Point Defects in Tin Telluride E. Gubner
B. B. Houston
M. K. Norr

SnTe crystallizes in the NaCl lattice. If this lattice is per-
fect, the crystal contains 50 atomic percent tellurium. However,
SnTe crystals can be prepared with as much as 51 atomic percent
tellurium. This implies that these crystals contain large
numbers of point defects, which could be either vacancies, miss-
ing atoms from the Sn sites or intersticials in the lattice. To
understand completely the properties of SnTe which are affected
by the point defects the nature of the defects must be known.
These properties include the electrical properties, mechanical
properties and others of interest. The technique to determine
the nature of the defects involves the use of precision lattice
parameter, density, and composition determinations. From the
lattice parameter the number of normal sites in the crystal can
be computed. Since the weights of the atoms are known, the
density the crystal would have if all the sites are occuwmied can
be computed. If it is assumed that the deviation occurs by means
of a particular type of defect, a computed correction to that
density from the composition will tell how many atoms must be
introduced or removed from the perfect crystal to give the proper
composition. A comparision of this computed density with the
measured density confirms or refutes the assumption about the
type of defect involved. Since there are large numbers of
defects in SnTe, the resulting discrepancy from choosing the
wrong model is relatively large.

Point defect measurements are restricted to small samples be-
cause the sample composition is varied by diffusion. Techniques
have been developed for precision density determinations on these
small samples and a number of high quality single crystal samples
covering a wide range of compesitions have been prepared. Methods
for precision lattice parameter determinations on these crystals
are being developed since powder techniques are not reliable.

The study confirmed the fact that the predominate point defects
in SnTe are vacancies. We have yet to show that we can fit this
model to very precise data over a wide range of compositions.

Our data does show that the density does not change very much
with composition while the lattice parameter changes considerably.
This implies that there is considerable collapse of the lattice
into the vacancy. This is contrary to theoretical predictions
based on ionic bonding and symmetrical relaxation around the
vacancy. This suggests that one should look for asymmetrical
relaxation by means of internal friction studies in the
kilohertz region
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The Effect of Annealing on Dis- E. Gubner
location Density in Lead Telluride B. B. Houston
M. K. Norr

In order to study the effect of various defects on the electrical
properties in the lead chalcogenides we have been engaged in a
program to produce single crystals of these materials as free
from defects as possible. Highly perfect material is also
extremely useful for studies of many of the intrinsic properties
of these materials. Etches have been developed to determine the
dislocation density in PbTe and methods have been developed for
growing PbTe with the lowest dislocation densities which have
been reported in this material. The effect of annealing on the
dislocation densities in these crystals has also been studied in
an effort to produce still lower dislocation densities.

The dislocation densities in these crystals can be lowered by a
factor of from 5 to 10 by annealing at a temperature about 30 C
below the melting point for 100 hours. PbTe of the comwosition
used in these studies melts at 925 C. Typical results are shown
in Fig. 3. The anneals are carried out in evacuated quartz
tubes. The vapor pressure of PbTe at these temperatures is
several Torr. The high vapor pressure makes these experiments
difficult because the crystal can evanorate completely in much
less than 100 hours if there is a cool spot on the tube where the
vapor can condense. A major effort in this study has gone into
building annealing furnaces with sufficiently uniform temoera-
tures to prevent the evavoration of the crystal.

Cyclotron Resonance of Epitaxial J. D. Jensen
Films J. N. Zemel

In the presence of a dc magnetic field, a free charge rotates
about the direction of the magnetic field with an angular
frequency

w =+ €8
“ m*c
where is the cyclotron frequence and e is the charge and mf
is the éffective mass of the particle. If a microwave field is

now applied perpendicular to the magnetic field resonant ab-
sorption may occur when the microwave angular frequency equals
ws. The physical requirement for observing this resonance 1S
wTzl, where v is the microwave angular frequency and 71 is the
average time between collisons. This condition is satisfied
in high quality epitaxial films of the lead salts at liquid
helium tempberature.

10
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(a) BEFORE ANNEALING (b) AFTER ANNEALING

FIG. 3 CRYSTAL WITH INITIAL DISLOCATION DENSITY OF 2 X 105cm'2.
BEFORE AND AFTER ANNEALING.

PHOTOGRAPHS OF PbTe IN WHICH THE PITS OCCUR AT POINTS WHERE

DISLOCATIONS INTERSECT THE SURFACZ. (a) SHOWS A CRYSTAL WITH A

DISLOCATION DENSITY OF 2 X 105 cm -2, BEFORE ANNEALING, (b) SHOWS

THE SAME AREA ON THAT CRYSTAL AFTER ANNEALING. THE DISLOCATION
DENSITY HAS BEEN REDUCED TO 4 X 104 cm _2. THE MAGNIFICATION IN
THESE PHOTOGRAPHS IS ABOUT 50X.

11
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A resonance in n-type PbTe at 4.2°K has been observed using a
TE1311 cylindrical cavity with a resonant frequency of 70 kmcs.
The derivative of the power absorption is shown in Fig. 4. The
value of H to be inserted into the equation is determined by
averaging the maximum and minimum of the 4P/dH curve. The
values 0,061 and 0.083 for the effective mass agree very well
with the results of Nii*on bulk n-type PbTe for the so-called
dielectric anomaly. The low value of wt (=2) for this particular
film caused the true cyclotron resonance to be masked out. Also
the thickness of the film was large compared to the cyclotron
radius precluding the observation of any size effects.

Lead Salt Alloy Films J. R. Dixon
E. Wenzel
J. N. Zemel

In the past four years, thin single crystal films of the lead
salts, PbS, PbSe and PbTe have been studied. It has been shown
that the properties of these films compare favorably with those
of bulk materials. A natural extension of this work is to con-
sider more complicated systems such as alloys of the above
materials,

Single crystal-single phase thin film alloys of PbTexSe]_y have
been produced over the entire composition range. These thiin
films were produced by co-evaporation of PbSe and PbTe in a
system which has a separately pumped source and deposition
chamber, thus eliminating contamination of the substrate during
the initial warm up and pump down. The crystal perfection of a
film of PbTe( 5Sen, 5 produced by this method is shown in the
Bragg diffractometer recording, Fig. 5. The Bragg angles for
PbSe and PbTe are indicated and show that only one phase is
present, the PbSeg gTeg_s5.

Germanium-Epitaxial Lead Sulfide J. L. Davis
Heterojunctions M. K. Norr

This study began with a prior comparison of the photoconductive
properties of the vacuum evavorated epitaxial PbS films, grown

at NOL, with PbS polycrystalline films deposited chemically on
glass. The polycrystalline films have voor crystalline ver-
fection and the carrier's mobilities are two orders of magnitude
lower than for single crystal material. It was hoped that the
higher carrier mobility and high degree of crystalline perfection
of the epitaxial films would yield superior photoconductive

1

Riro Nii, Rev, Elect. Comm. Lab., Tokyo 12 No. 11-12, Nov-
Dec 1964 T
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VS MAGNETIC FIELD FOR n-TYPE PbTe
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detectors. However, this was not the case; the epitaxial films
showed no photoconductive response. An attempt was then made to
grow an epitaxial film from solution rather than by vacuum
evavoration, in the hope of combining the advantages of both
processes.

A Ge substrate and the lead nitrate-thiourea chemical deposition
process was used. The substrates were cut, polished and etched
and then had a PbS film deposited on the surface. The PbS film
was checked for crystalline perfection by Laue back reflection
and by the Bragg diffractometer. These results showed that the
films were indeed epitaxial, i.e., they had the orientation of
the substrate and they had the lattice spacing of bulk lead
sulfide. The junction between the Ge and the PbS was tested as

a photovoltaic device by illuminating it with monochromatic light
through the Ge substrate. An aporeciable response was found in
the range from 1.5 to as far as 3.2 microns on some of the
samples. The measured time constants for these junctions were
shorter than 25 microseconds, for all cases. This is about two
orders of magnitude faster than the PbS vhotoconductive detectors.
Thus, these results indicate that epitaxial films can be grown
from solution on semiconductor substrates and the junctions now
obtained offer promise as fast infrared photovoltaic detectors.

MAGNETISM

Magnetostriction Theory E. R. Callen

A general theoryl of magnetostriction, forced magnetostriction,
and anomalous thermal exvansion of ferromagnets of arbitrary
symmetry has been formulated using grour theoretical arguments.
It is based upon symmetry considerations imposed on the magneto-
elastic Hamiltonian in contrast to the former classical ao-
proaches in which the symmetry is imposed at the level of the
phenomenological free energy. Included in the Hamiltonian are
both single-ion and two-ion interactions. The theory culminates
in expressions relating the microscopic magnetostriction co-
efficients to the product of microscopic magnetoelastic coupling
constants and certain spin correlation functions. Only three
distinct types of correlation functions enter the theory; the
self-correlation function <(S%2)2>, the isotropic correlation
function <S3-.S5>, and the longitudinal correlation function
<s?s2> . From these functions the entire temperature dependence

ané Ehe magnetic field dependence of the magnetostriction co-
efficients are derived.

Magnetostriction, Forced Magnetostriction and Anomalous_  Thermal
Expansion in Ferromagnets, E. Cellen and H.B. Callen, Phys. Rev.

i39, A455, Jul 1965
15



NOLTR 66-139

Various approximation schemes are used to evaluate these spin
correlation functions and to permit the application of the
theory to specific materials. Successful applications of the
theory have been made to Dy, to Gd and to EuS.

Dynamics of the Indirect-Exchange E. R. Callen
Model A. Luther

Transport properties, such as electrical resistance, thermal
conductivity and Hall effect of magnetic metals suggest a dif-
ferent type of magnetic structure than do the magnetic proper-
ties. Thus it is not known whether the magnetic moment is
localized, as in an insulator, or whether it is distributed over
the metal as a conduction electron. To learn more about magnetic
metals, a simple model of a magnetic metal has been studied in
detail. The model is the indirect interaction model, is similar
to the type of interaction found in the rare earth metals. It
assumes isolated spins at particular lattice sites, which are
coupled to each other by the conduction electrons.

The two-time temperature-dependent Green's function method was
used to study this model. The results can be given by an ef-
fective Hamiltonian of the form:

©

H= o / 7 (£) 8 (£)-8 (t-m)ar
iy J ij i j

This Hamiltonian is similar to the ordinary Heisenberg
Hamiltonian, except for the appearance of retardation in the
spin interactions. Physically, this means there is a delay in
interaction between two spins because the conduction electrons
which couple them can propagate the interaction only at a finite
velocity. The propagacion characteristics are highly dispersible
and can be quite slow at certain frequencies. The quantity

(1) depends on the details of the conduction electrons. We
ha&e calculated it for an interacting electron gas, and find the
retardation corrections very important.

From the properties of the Green's function, formulae have been
developed for the spin wave dispersion relation, temperature
dependence of the magnetization, and many-body effects. Al-
though analysis of these results is not yet complete, the
temperature dependence of the magnetization caused by many-body
effects has been ascertained. These effects are large in some
magnetic metals, and raise questions about the spin-wave picture
of magnetism.

16
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Magnetostriction in the Heavy _ R. M. Bozorth
Rare Earth Garnets A. E, Clark

B. F. DeSavage

The single-ion theory of magnetoelastic coupling by Callen and
Callen has successfully accounted for the temperature dependence
of the_magnetostriction of some of the ferromagnetic rare 3arth
metals- and the ferromagnet insulator yttrium iron garnet.
According to the theory only one magnetoelastic coupling con-
stant per magnetic sublattice (the 0°K magnetostriction) is re-
quired to specify the entire temperature and field dependences
of the magnetostriction. It is essential to know these coupling
parameters in order to construct an atomic theory of magneto-
elastic coupling from first principles.

The two magnetostriction coefficients, AY'2 and A®'® of single
crystals of dysprosium, holmium and erbium iron garnets were
measured using strain gage techniques from liquid nitrogen
temperature to room temperature in fields up to 140 koe using
the high field facilities at the National Magnet Laboratory.
Cambridge, Mass. A striking feature of these data is the sharp
dip in the magnetostriction at the compensation point, which
follows from the failure of the sublattice moments to remain
parallel to the applied magnetic field precisely at this
temperature. Another predominent feature is the very large
forced magnetostriction which abruptly reverses sign at the
compensation point. Extrapolated values for the 0 K magneto-
striction according to the single-ion theory of magnetostriction
along with the giant magnetostrictions of Dy, Ho and Er metals
are given in Table 1l._ The magnetostriction of the rare earth
garnets is very large®, 50 to 1000 times that of YIG and only an
order of magnitude smaller than that observed in the rare earth
elements themselves, revealing a very large coupling of the

rare earth ion to the strains in both the metals and garnets.

The 0°K magnetostriction of the heavy rare earth garnets has also
been calculated from the strain dependence of the electrostatic
interaction between the crystalline field and the anisotropic
charge distribution of the rare earth ions. The resultspro-

vide the correct order of magnitude for the magnetostriction con-
stants as well as the change in sign betwesn Ho and Er iron
garnets observed for AY'2.

lA. Clark, B. DeSavage, R. Bozorth, Phys. Rev. 138, A216 (1965)

2E. Callen, A. Clark, B. DeSavage, W. Coleman, and H. Callen,

Phys. Rev. 130, 1735 (1963)

A. Clark, B. DeSavage, N. Tsuya, S. Kawakami, Eleventh Annual
Conference on Magnetism and Magnetic Materials, Nov. 1965
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Table I

0°K Magnetostriction Coefficients

\2(0) x 10° \¢12(0) x 10°
YIG - 1 - 8
DyIG - 2100 - 830
HolG - 1400 - 330
EriG 630 - 450
Dy 8,500 9,200
Ho 2,400 -
Er -3,700 -

Conduction Electron Polarization H. S. Belson

The theoretical understanding of the magnetic transition metals
iron, cobalt, and nickel is incomvlete., The role of the
valence and magnetic electrons is esvecially open to question.
Simple theories indicate that the conduction electrons (those
electrons at the Fermi level) are highly polarized, while more
complex theories indicate somewhat less polarization. An ex-
periment has been performed to measure this polarization using
a capacitor, one plate of which is a magnetic metal, and the
other an ordinary metal. As one applies a magnetic field,
voltages which appear can be ascribed to a shift in the Fermi
level of the magnetic material. This shift will be proportional
to the spin polarization at the Fermi level.

No such shift has been found, within the accuracy of the experi-
ment contradicting a single earlier report of complete polariza-
tion in iron. The studies show that spurious voltages can occur
from several sources, most notably from a magnetostrictive-
piezoelectric interaction, especially if the capacitor in
question is made of an extremely thin coating of iron. No shift
was found in nickel or cobalt.

18
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High Field Susceptibilities of ' R. M. Bozorth
Iron and Nickel A. E. Clark
B. F. DeSavage

Previous attempts to measure the high field magnetization of
iron and nickel showed no certain increase in magnetization
above 10 to 20 koe, the uncertainty corresponding to a volume
susceptibility # of + 2 to 8 x 10-°. 1In view of the relation of
the high field susceptibility to the band structure in Fe and Ni,
and attempt has been made to increase the accuracy previously
attained.

The volume susceptibility in fields of 15 to 120 koe was
measured by several techniques using magnet facilities of the
IBM Watson Research Laboratories, the Naval Research Laboratorg
and the MIT National Magnet Laboratory. Results for Ni (at 78K
and 4°K) gives » = 5.5 + 1 x 107 and for Fe (at 78°K only)

w = 14 x 1075, Theoretical estimates of the Holstein-Primakoff
susceptibility and the orbital paramagnetism indicates for Ni
that the Pauli part of the susceptibility is = 4 x 10™®. This
is about ten times smaller than what one would exvect on the
assumption of a full up-spin d band which implies a smaller ex-
change splitting and/or a wider d band than most current esti-
mates. In Fe, there are certainly d-like holes in both spin-up
and spin-down bands.

Anisotropy of the Rare Earth A. E., Clark
Metals J. J. Rhyne

An experimental study of the magnetocrystalline anisotropy has
been started. In the investigation of the basic magnetic and
magnetoelastic properties of rare carths Dy, Dr, Ho, and Tb,
the anisotropy energy has the fol.owing form:

Ey = K2P2(cose)+K4P4(cose)+K6P6(fose)+K66P66(cose)cos 60

where the PT are Legendre polynomials and the K™ are the ani-
sotropy constants. Angles 6 and g are, resoectively, the
directions of the magnetization with resvect to the ¢ and a

axes. It has been shown that approvriate choices for the signs
and magnitudes of the K's can account for the various observed
soin structures and for the transitions between these phases.

It is the purpose of the current study to determine experimentally
the magnitude and temperature dependence of these anisotropy
constants. It is hoped that the Callen one-ion theory, which
was highly successful in vnredicting the temverature dependence of
the basal plane magnetostriction in Tb and Dy, will also provide
the correct explanation for thc temperature dependence of the
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anisotropy constants. Correlation of the experimental results
with this theory would provide additional support for the
apparent highly localized nature of the magnetic interaction in
the rare earths.

The anisotrovy is being determined from measurements of the
torque on the specimen as a function of the angle of the applied
magnetic field relative to the crystal axes. On the basis of a
computer simulation of the experiment using best available esti-
mates of the anisotropy. sufficient torque sensitivity has been
achieved by mounting the sample on the end of a thin wall brass
torsion tube whose shear is detected by strain gages. The
anisotropy torque has been measured using a "dry-tail" dewar and
automatic temperature control apparatus which allow temperature
control from above room temperature to He temperature. The
unusually high anisotropy precludes sufficient deflection of the
magnetic moment in fields less than 100 koe. High field facili-
ties up to 140 koe at the National Magnet Laboratory and the
Naval Research Laboratory are being employed for the experiment.
Initial data on Tb indicates an anisotropy of order 2 x 108
ergs/cm®> at 150 K. This is significantly larger than that pre-
dicted theoretically on the basis of susceptibility data.

Magnetostriction in Single A, E, Clark
Crystal Terbium B. F. DeSavage
J. Rhyne

The measured magnetostrictive strains in the single crystals of
the heavy rare earth metals terbium, dysprosium, ?olmium, and
erbium were found to be extraordinarily large 10" to 10™° at low
temperatures. When these strains are separated into those arising
from spin operators, it is discovered that the lowest order shear-
ing magnetostrictions arise primarily from a single-ion term in
the interaction Hamiltonian and they have a temperature and

field dependence given by:

- “ —l
AT,H) = A (0) 15/2 %L [M(T,H)]}

Here A (0) is the 0°K magnetostriction, £—1[M(T.H)] is the in-

verse Langevin function of the moment, and‘f}+ , is a reduced

hyperbolic Bessel function of order 4+L, where 24 is the degree
of the spin operators. 2

The four 0°K magnetostriction coefficients of Tb metal obtained

from measurements in the paramagnetic region have been evaluated
by applying the above relation. The enormous magnetic anisotropy
below the ordering temperature precludes any measurement of these
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essential parameters below~230°K. Tsuya, Clark and Bozorth, 1
predicted the 0°K values of these strains on the basis of the
distortion of the crystalline field due to nearest neighbors and
the electric field arising from the strained charge distribution
of conduction electrons assuming a deformable ion model. Both
of these atomic mechanisms give good agreement with the varia-
tion of the magnetostriction throughout the heavy rare earth
series. By comparing the ratios of the four O°K magnetostric-
tion coefficients of Tb, it is possible to determine if any of
these mechanism dominate. The calculated coefficients
(normalized to 0.01 for AY'®) are compared to the experimental
measurements in Table II. The dominant source of the magneto-
striction is obviously the interaction between the 4f electron
charge distribution and that of the conduction electrons. The
contribution to the magnetostriction of the crystalline field
due to nearest neighbors, on the_ other hand, mugt be very small
since it predicts a negative AY*2 and a large A '? ratio,
which is not observed.

Table II

Comparison Between Experiment and Theory
Of Magnetostriction Coefficients of Terbium

A Experiment Deformable Ion Crystal Field
o,2
A -.0026 -.0045 -.027
S .009 . 009 .053
AY o2 .010 .C'0 .010
2602 .0115 . 00¢ -.037
Magnetic Structures by Neutron H. A. Alperin
Diffraction S. J. Pickart

- The cross section for elastic scattering of neutrons from a
magnetic solid contains a term arising from the interaction of
the neutron magnetic moment with the spin of the unpaired

1
N. Tsuya, A. Clark, R. Bozorth, Proc. International Conf. on
Magnetism, Nottingham, England, 1964
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atomic electrons. Observation of this magnetic scattering,
since it depends in a known way on the magnitude, periodicity,
and orientation of the atomic spins, leads directly to determi-
nation of the magnetic spin arrangement in the material.

Powder neutron diffraction studies have been used to_establish
antiferromagnetic structures in EuTiO (where initial magneti-
zation studies suggested ferromagnetilm), and in RbMnCl, (where
antiferromagnetism had been inferred from susceptibility

measurements). Single crystal measurements were performed on
MnP, in which low temperature magnetization measurements had
indicated metamagnetism, i.e. an antiferromagnetic-to-ferro-
magnetic phase change upon application of an external field.
The neutron diffraction measurements show that the zero-field
structure is in fact a spiral of rather general type, in which
the spins related by acenter of symmetry remain parallel and

the spiral is progagated by a rotation of 20° for every opera-
tion of the twofold screw axis parallel to the orthorhombic c

axis.
Spin Wave Digpersion in Ferro- H. A. Alperin
magnetic Metals S. J. Pickart

Measurements described in last year's report of spin wave dis-
persion in ferromagnets by the inelastic scattering of polarized
neutrons have been continued. It may be recalled that in these
measurements one is seeking to determine the basic nature of the
exchange forces acting in ferromagnetic metals by examining the
changes in energy and momentum of scattered neutrons when spin
waves or magnons are excited. Polarized neutrons are used to
increase the sensitivity by eliminating unwanted contributions
from phonon scattering; however, the available polarized neutron
flux did not allow energy analysis of the scattered beam. so
that the dispersion curve could not be measured directly. For

a given misset of the crystal from the Bragg position (e.g. a
given energy change) a sharp cutoff corresponding to a particu-
lar magnon wave vector is observed as the scattering angle is
varied (see Fig. 6). The observations as a function of misset
angle then trace out scattering surfaces whose shape may be
least-squares fitted by varying the parameters of a theoretical-
ly expected dispersion curve.

The resultélof this procedure for body-centered cubic Fe are
shown in Fig. 7. It will be noted that the dispersion curve
derived from our data departs considerably from a qaadratic
formAw = Dz (where ¥w is the spin wave energy and g the wave
vector) such as had been previously predicted. The results can
however be fitted by including higher order terms in g?®; the

16, Shirane, R. Nathans, O. Steinsvoll, H. Alperin, S. Pickart,
Phys. Rev. Ltrs. 15, 146 (1965).
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solid curve. is an expression of the form#fw = Dgf (1 - Bf) with
D = 266 meVA® and B = 3.2A2. Similar results have been obtained
for hexagonal close-packed Co, for which we find D = 490 meVA2
and B = 3.3A2., Neither the Heisenberg nearest-neighbor model or
the present band structure calculations predict as large a @*
term as observed here. The Heisenberg model can be reconciled
with the data by assuming an arbitrary long-range interaction
(presumably through conduction electrons) of about ten near-
neighbor distances; or the band model by alteration of the
density of states curve. Which of these alternatives is correct
will become apparent as more detail in the form of the dis-
persion curves is discovered, particularly at higher q values
than obtainable here, which correspond to three-tenths the dis-
tance to the Brillouin zone boundary.

Spin Wave Dispersion in Ionic H. A. Alperin
Compounds S. J. Pickart

The spin wave spectra in ionic compounds should be more
straightforward than in metals since they behave in general as
though their moments are well-localized, so that a Heisenberg
model should be applicable. Interest in determination of the
exchange interactions then centers on comparison with predic-
tions for these quantities made by various ordering theories on
the basis of macroscopic quantities such as susceptibility,
specific heat, transition temperatures, etc., and, more
basically, wi